Abstract Wheat streak mosaic virus (WSMV) is one of the most important diseases limiting winter wheat (Triticum aestivum L.) production in the western Great Plains of North America. There is no known effective WSMV resistance within the primary gene pool of wheat. However, a resistance gene (Wsm1) has been transferred to wheat from a perennial relative, intermediate wheat-grass [Thinopyrum intermedium (Host) . Nebraska-adapted winter wheat lines carrying Wsm1 were used to characterize the effects of this alien introgression on agronomic and quality traits. Sister-lines from six breeding populations were evaluated under virus-free conditions, and under a naturally occurring viral infection. In uninfected locations, no significant difference for grain yield was detected between resistant (R) and susceptible (S) lines, when averaged over populations, but resistant lines had significantly higher test weights. Within populations, significantly higher grain yield was observed only in population 1, while significantly higher test weights occurred in populations 1, 2, 5 and 6. At the infected location, resistant lines were significantly higher in yield in five of six populations. In two of six populations, susceptible lines were significantly higher in bread loaf volume and bake mix time, while in the remaining populations, no significant quality differences were observed. As the Wsm1 gene provided yield advantages under viral infection, and there was no yield detriment in the absence of the virus, its deployment in hard winter wheat cultivars merits consideration.
Introduction
Winter wheat (Triticum aestivum L.) producers of the Great Plains region of North America yearly contend with the potentially devastating crop losses caused by wheat streak mosaic virus (WSMV). WSMV is spread via the wheat curl mite (WCM, Aceria tosichella Kiefer), the only known natural vector. Severe WSMV infection can result in complete crop failure. Factors contributing to the extent of damage are the timing of the infection, and temperatures and other environmental stresses during infection. Fall infections result in more severe yield depression than spring infestations (Hunger, 2004) .
There is no known highly effective WSMV resistance within the primary gene pool of wheat. However, there is resistance to WSMV in some perennial wheat relatives. A resistance gene (Wsm1) was identified and transferred from intermediate wheat-grass [Thinopyrum intermedium (Host) Barkworth & DR Dewey] to wheat to limit infection by the virus and WCM colonization (Friebe et al., 1996) . Transfer of this resistance traces to crosses between wheat and intermediate wheat-grass produced more than three decades ago (Wells et al., 1973 (Wells et al., , 1982 . Subsequent breeding led to the development of wheat lines with Wsm1 and the potential to prevent major economic losses. However, many derived lines suffered from poor bread-making quality or agronomic properties (Seifers et al., 1995) , perhaps due to negative epistatic effects of Wsm1 or closely linked genes.
Previous research on the agronomic and quality effects of Wsm1 has been conducted using spring wheats (Baley et al., 2001; Sharp et al., 2002) in the Northwestern United States. Baley et al. (2001) compared the agronomic performance of resistant to susceptible lines of spring wheat populations under both inoculated and non-inoculated conditions. They found Wsm1 provided a benefit in the presence of virus and had no detrimental effects on end use quality or other agronomic traits. Sharp et al. (2002) compared classical and transgenic spring wheat cultivars resistant to mechanical inoculation of WSMV. They found that while Wsm1 provides the most effective resistance to WSMV, significant yield penalties were observed in the absence of the virus.
Wheat producers desire to seed cultivars carrying natural disease resistance, but not if the introgressed trait results in yield losses when the pathogen is absent. The present study used Nebraska-adapted winter wheat sister-lines from six genetically diverse populations to evaluate any potential negative effects of Wsm1. The objectives were to determine the effects of Wsm1 on yield and quality of winter wheat and to identify high yielding resistant lines for future testing.
Materials and methods

Plant materials and virus inoculation
Materials used in the study were derived from six breeding populations (Table 1) produced via matings of KS91H174 and KS91H184, two Kansas-adapted lines carrying Wsm1, with various Nebraska-adapted lines. KS91H174 and KS91H184 both were derived from CI 17884, a WSMV resistance line carrying Wsm-1 on a chromosome arm translocated from T. intermedium to wheat (Wells et al., 1982) . Ninety-six heads were selected from each of either F 5 (populations 1-3) or F 3 (populations 4-6) bulk populations. Seed from heads was divided and planted in paired 1 m rows at Lincoln, NE in September 1999. Susceptible ('Tomahawk') and resistant (KS95H102) controls, were distributed every fifth and twelfth rows, respectively, amongst the paired rows. One row of each pair was mechanically inoculated with WSMV using a siphon-type Speedaire spray gun (2Z366E) with a 1.65 mm nozzle size. A five hp, gas-powered, wheelbarrow air compressor fitted with a 15.25 m 19 mm air hose, powered the spray gun. The unsprayed row of each pair was retained as a control to facilitate classification of resistance. Susceptible lines demonstrated both yellow-green leaf phenotypes and stunted growth, relative to unsprayed control rows.
The original inoculant was obtained by growing seedlings of 'Arapahoe' infected with the Sidney 81 strain (obtained from Drs. Roy French and Drake Stenger, USDA-ARS, Lincoln, NE). Eight flats of Arapahoe were planted and inoculated by thumb and forefinger, at the 2-3 leaf stage. After 10 days, seedlings were harvested and placed in a −20
• C freezer. Fresh inoculum was prepared the day of the spraying treatments. To make one 2 l flask of inoculum, 40 g of leaf material was used. Leaf material was ground in a Waring blender in 20 g increments with 400 mls of deionized distilled water. The slurry was strained through eight layers of cheesecloth into a 2 L volumetric flask packed in ice. To facilitate entry of the virus, 20 g Celite was added to the flask. When applying the virus with the spray gun, the solution was stirred constantly to ensure the Celite remained in solution.
In the spring of 2000, lines were scored as resistant or susceptible based on visual symptoms (yellow-green mottling of leaves and stunting). To verify these phenotypic scores, lines were re-seeded at Hays, KS in the fall of 2001. Lines, along with resistant and susceptible checks, were planted in unreplicated 1 m rows. Plants were infected with naturally occurring WSMV by native WCM reared on adjacent early-planted wheat. In the spring of 2002, the lines were rated as resistant or susceptible. Subsequent to the conduct of replicated field trials (see below), selected lines were re-verified by using a similar approach at Scottsbluff, NE, during the 2004 and 2005 crop years. At Scottsbluff, lines were seeded in replicated 3 m rows.
During the conduct of the replicated field trials (see below), a naturally occurring infestation with WSMV was encountered at Sidney, NE. Lines also were rated as resistant and susceptible at this location.
Replicated field experiments
The study was planted in the fall of 2002 as an augmented design (Federer et al., 1975) . The entries randomly were selected from the six populations (Table 1) . Populations 1-3 were composed of F 5 -derived F 8 lines; entries in populations 4-6 were F 3 -derived F 6 lines. Lines were classified as resistant only if consistently scored so at Lincoln, Hays and Sidney. From each of the six populations, no less than five and no more than seven entries each of resistant and susceptible lines were chosen at random. Resistant and susceptible checks were planted at random among the entries. Checks were replicated while resistant and susceptible lines were unreplicated at each location. The checks consisted of three susceptible cultivars (Millennium, Tomahawk and Wesley) and three experimental lines (KS96HW10-1, KS96HW10-3 and KS95H102) carrying the Wsm1 resistance gene. Entries were seeded in 4 row, 4.5 m plots, trimmed to 2.5 m before harvest. Grain yield, test weight (grain volume weight), plant heights and days (from 1/1) to heading were recorded. The locations were Grant, Lincoln, McCook, Mead, North Platte and Sidney, NE. The Sidney location, due to the natural infection by WSMV, was analyzed as a separate experiment.
Analysis of variance and paired t-tests in all possible combinations were used to test for differences among checks. Mean squares from the analysis of check lines were used to compute statistical contrasts (Steel& Torrie, 1980) comparing resistant verses susceptible lines, both within each population and averaged across populations. Statistical significance of contrasts was declared via F-tests. All statistical analyses of the data were conducted using PROC GLM in SAS (SAS Version 8.02).
DNA marker screening
All randomly selected sister-lines and replications of checks, were screened for a DNA marker linked to the Wsm1 resistance gene (Talbert et al., 1996) . For each entry, eight to ten seed were aligned in Cyg germination pouches obtained from Mega International (West Saint Paul, MN), and grown for 10 days in an incubation chamber set at 27
• C. The seedling leaf tissue, 1.5 to 2 inches in length, was harvested and the DNA was isolated and extracted as per procedures described in Dweikat et al. (2002) .
Primers STSJ15L and STSJ15R (Talbert et al., 1996) were purchased from Invitrogen Life Technologies (Carlsbad, CA). The Polymerase Chain Reaction (PCR) method was as described in Talbert et al. (1996) . The amplified products were fractionated on a 1.5% agarose gel containing ethidium bromide. The gels were then placed on an ultraviolet light box and results recorded. Resistant lines were confirmed as such by the presence of a 420 bp PCR product not found in the susceptible lines (Talbert et al., 1996) .
High-performance capillary electrophoresis 1BL.1RS screen Based on pedigrees, some lines were suspected as carriers of the 1BL.1RS wheat-rye (Secale cereale L.) chromosomal translocation, known to have a negative impact on wheat breadmaking quality (Lee et al., 1995; Graybosch, 2001 ). High-performance capillary electrophoresis of grain proteins was used to identify lines carrying the translocation (Lookhart et al., 1996) . A Beckman Coulter (Fullerton, CA) P/ACE System 5500 was used to separate all extracts. Screening for the presence of the 1RS gene was completed to check for possible confounding effects in baking quality assays.
Quality analyses
To obtain samples large enough for milling, composite samples were produced, using equal amounts of seed from Lincoln, Mead, McCook and North Platte locations. Samples were tempered to 15% moisture content and milled to flour using a Buhler experimental flour mill. Samples were baked in the University of Nebraska wheat quality lab (UNL lab) using a 100 gm straightdough pup loaf procedure (method 10-09, AACC 1983) with no added oxidants. The following variables were recorded: bake absorption (%), bake mix time (min), loaf volume (ml) and loaf grain (0-13). Loaf grain was rated on a scale of 0 = very poor, to 13 = excellent. Duplicate loaves were baked and average scores were reported. A completely random statistical design was used to evaluate quality variables. Means of resistant vs susceptible lines were compared within populations. Mean responses of resistant and susceptible lines also were compared to means of the check cultivars. Mean squares from analysis of variance were computed, and mean comparisons in all possible combinations were evaluated for statistical significance using paired t-tests calculated for un-equal sample means (Steel & Torrie, 1980) .
Results and discussion
Of the materials inititally selected, 63 lines demonstrated consistent resistant responses and were positive for the presence of the 420 bp PCR product linked to Wsm-1 (Talbert et al., 1996) while 82 lines consistently were rated susceptible and did not produce the 420 bp fragment. The remaining lines displayed questionable phenotypes or were obviously segregating. Thirty-six resistant and 34 susceptible lines subsequently were selected at random for inclusion in evaluation of agronomic and quality traits.
The analysis of variance (Table 2 ) revealed significant differences for yield, test weight and heading date among the five uninfected locations and amongst the checks. Wesley was the highest yielding check cultivar, with significantly higher grain yields than the three Wsm1-carrying checks (Table 3 ). Test weights of these three resistant checks were, however, significantly greater than those of the three susceptible checks, even in these uninfected locations.
Averaged over populations, contrasts of resistant vs susceptible lines from the uninfected locations showed no significant difference in grain yield (Table 2) . A significant difference in grain yield was observed only within population 1 (Table 2) , with the susceptible lines demonstrating significantly higher mean grain yield (Table 4) . Test weights were significantly higher in resistant lines, both across and within 4 of the 6 populations (Tables 2 and 4 ). The significant differences in test weight amongst these populations, and the significantly higher test weights observed in resistant vs susceptible checks, might indicate that Wsm1, or closely linked genes, affects seed shape, weight or seed packing volume. Plant heights were significantly greater in susceptible lines, both averaged across populations, and within two populations (Tables 2 and 4 ). No differences in days to heading were observed.
Under a natural epidemic of WSMV at Sidney (Table 5) one resistant check, KS96HW102 and one susceptible check, Millennium, had significantly higher grain yields than all other checks. The two remaining resistant checks, KS96HW10-1 and KS96HW10-3 had significantly higher grain yields than the suscepti- Resistant lines demonstrated significantly higher grain yields under the WSMV epidemic at Sidney, both across all populations, and within five of the six populations (Table 6 ). Susceptible lines in the one exceptional population also may have had some tolerance to viral infection. Average grain yields of the resistant line under this viral infection were 1797 kg/ha, or 37% higher than susceptible lines grown at the same location. Test weights were significantly greater in resistant lines, both across and within all populations. Baley et al. (2001) observed a similar effect in spring wheats.
Within populations, some significant differences in quality were observed between resistant and susceptible sibs (Table 7) . In population 1, mean flour protein concentration, bake mix time, and loaf volume of the susceptible lines was significantly greater than the mean of the resistant lines. The differences in bake mix time and loaf volume might not necessarily derive from the presence of Wsm1 per se, but might be a consequence of the statistically lower flour protein concentration. In population 6, the mean bake mix time and loaf volume of the susceptible lines also exceeded those of resistant lines, and no differences in protein concentration were detected. In the remaining four populations, however, mean responses of susceptible lines did not significantly exceed those of resistant lines, and, in some cases (Table 7) actually were significantly lower. If Wsm1, or closely linked genes, has an effect on quality, the results were not consistent across genetic backgrounds, and resistant lines with acceptable to good quality were identified.
Amongst the checks (Table 7) , Wesley had the highest average loaf volume and bake mix time, (a measure of dough strength). Wesley generally is considered a high quality wheat. Flour protein contents of Wesley were not significantly higher than those of the remaining check cultivars, and also were not significantly different than the mean flour protein concentration of the resistant lines from any of the six populations. Bake absorptions of resistant lines from populations 2 and 5 actually significantly exceeded those of Wesley, but loaf volumes of resistant lines of populations 2, 4, 5 and 6 were significantly lower than that of Wesley. Mean bake mix times of the resistant lines of all populations Capillary electrophoresis separation of grain storage proteins revealed approximately equal number of resistant and susceptible lines with and without the 1BL.1RS wheat-rye chromosomal translocation. In populations 1-3, no 1BL.1RS positive lines were detected. Populations 4, 5, and 6 did, however, contain some lines positive for 1BL.1RS. Among the resistant lines, population 4 had 3 of 5 lines with 1BL.1RS, population 5, 3 of 6 lines, and population 6, 2 of 6 lines. In the susceptible lines, population 4 revealed 5 out of 6 lines positive for 1BL.1RS, population 5, 3 of 6 lines, and population 6, 2 of 5 lines. The higher flour protein value for population 1 was not due to 1BL.1RS, nor did 1BL.1RS explain any of the observed differences in quality between resistant and susceptible lines (data not shown). The presence of 1RS did not confer any additional resistance or tolerance to WSMV.
The lack of demonstrated yield penalties of Wsm1 in winter wheat grown in the absence of virus, and the yield advantage observed under the viral infection, suggest efforts to deploy this gene in cultivars are both desirable and necessary. Hypothetical financial losses of growing susceptible wheats in a year when the WSMV is present are large. To estimate these financial losses, the following assumptions were made: (1) in the absence of the virus, the resistant and susceptible lines are not significantly different in yield (as observed in the five uninfected locations), and (2) in the presence of the virus susceptible lines produced only 72.9% the grain yield (estimated using the overall yields from the Sidney location) of resistant lines. Calculations at hypothetical yield levels of 2000 kg/ha, 2700 kg/ha, and 3300 kg/ha demonstrated the yield losses would be 542, 732, and 894 kg/ha loss respectively. At a typical price of $110 (USD) per metric ton, savings resulting from planting of a resistant line would be approximately $59.62, $80.52, and $98.34 per hectare, respectively. WSMV epiphytotics most often have a greater impact on yield than this example and total crop failure is common. In cases of total crop failure, the financial savings resulting from production of resistant lines would be substantial.
Conclusions
In the absence of virus, Wsm1 had no negative effect on grain yield, at least in the tested winter wheat populations. Large and significant increases in grain yield were demonstrated under a natural WSMV infection. In addition, significant advantages in test weight were observed, with and without the presence of WSMV. As test weight is used in the establishment of wheat grades at point of sale, this effect represents an additional source of financial savings for wheat producers. It is possible, therefore to selectively breed for desired agronomic traits and incorporate WSMV resistance from a wild relative of wheat. Quality characteristics were affected by the resistance gene, but not in all genetic backgrounds. Thus, rigorous quality testing at early generations is necessary with further breeding efforts using Wsm1, but careful selection of appropriate genetic backgrounds for matings should help avoid quality defects.
